General feature of sinking cold air is verified by the decreasing volume in the upper part of cold dome, and at the same time the ascent motion is found in surrounding air mass. The temperature in the uppermost part of this cold dome, however, decreases while it passes over the Japan Sea, resulting in a destabilizing of stratification. It is suggested that the upward motion and compensating convergence are caused by a strong supply of heat from the sea surface amounting to more than 1000 ly day-1 as the superior cold air covers the warmer sea.
Introduction
The three-dimensional field of motion in relation to cold vortices appearing in atmospheric waves are well studied by many authors for various kinds of cases (e. g. Suda, 1959) . Among them, Palmen's model of cold air outbreak (Palmen and Newton, 1951 ) is widely appreciated as describing the air mass and energy exchange mechanism in the atmosphere.
Meanwhile the authors (Matsumoto et al., 1963) suggested the existence of indirect circulation by which the potential energy of cold dome is fed.
Although this kind of circulation is found by Newton and Palmen (1963) in a surrounding area of cold dome itself, our attention is drawn to the effect of heating at a fixed locality.
It is well known among routine forecasters that a heavy snowfall damage is expected along Japan Sea coastal region of central Japan when a very cold cut-off cold vortex passes over the Japan Sea (e. g. Fukuda, 1960) . The fact that the amount of snowfall is related to the temperature of the upper part of cold dome and to whether a cold dome trajectory passes the central part of the Japan Sea suggests an important role of heat and moisture supply caused by a large temperature and moisture gradient between the pretty warm sea surface and very cold air above. Similar phenomena of down stream snowfall are known elswhere as "lake snow" etc.
2. Synoptic situation on Jan. [22] [23] [24] 1963 Unusual cold weather was a world wide phenomenon during the month of January, 1963, especially at the later half of the month. Extraordinary cold spells were observed almost simultaneously in Far East, North America and Europe, associating unpreceded severe weather phenomena (0'connor, 1963) . A three wave situation of a large amplitude predominated during this period. Characteristic feature in the weather chart on the second quadrant covering the Far East is the development of a blocking high over north-eastern Siberia extending from Alaska and the cut-off low towards south of a very large scale consisted of successive cold vortices travelling arround. Among them, our attention is mainly confined in this paper to the vortex which hit the Japan Islands on Jan. 24, 1963 and brought a tremendous amount of snow on the windward side of Japan Islands.
Analyses had been made on the period from Jan. 16 to Jan. 25, 1963, during which we had 4 vortices altogether of more or less similar structure and heavy snow was observed on Jan. 16, 18, 21 and 23-25 corresponding to the passage of each vortices. Fig. 1 shows the 500 mb chart on 12 GMT Jan. 23 together with the indication of surface lows.
The locations of stations which are used for cross section analysis is also entered. The remarkable westerly jet and the easterly jet clearly show the typical blocking activity, which provides an empirical criterion of having heavy snow in Hokuriku District (Japan Sea coastal region of the central Japan).
It should be noted that surface disturbances related to severe weather are found inside of southward protruding polar air mass which is in this figure bounded approximately by jet stream axis.
3. Characteristic structure in the vertical cross sections Meridional cross sections along the line A in Fig. 1 Those cross sections show the characteristic structure of an intense cut off vortex with a extremely strong single jet of maximum velocity more than 100 m sec-1 around the 250 mb level. Three principal frontal layers can be analysed.
The first one and the second one which correspond to "subtropical front" and "polar front" almost get together and the middle latitude tropopause, which usually is quite remarkable in our region, is hardly discernible, thus resulting in a single predominant jet stream.
The tropical tropopause lies around 100 mb and the polar tropopause is found around 350 mb as is the usual case.
The most remarkable feature appearing in those cross sections is the existence of the third frontal system within the polar air mass itself.
This frontal system bounds an extremely cold air in a form of dome. The top of this dome lies around 400 mb.
All these situations mentioned above are quite similar to those of the case studied by Newton and Palmen (1963) , exept that, in our cross sections, frontal layer systems at the lower-most part of troposphere are diffused and are almost impossible to identify with surface frontal systems. The top of the cold dome corresponds to a "false tropopause"
by Newton and Palmen's analysis. They inferred its formation to the result of vertical shrinking in the upper troposphere in the polar air, but there is no indication of such a strong divergence in our case. Other characters are actually unchanged.
A zonal cross section along the line C in Fig. 1 is given in Fig. 6 (a and b) for 12 GMT Jan. 24. We can find two cold domes, the first one under question and the following smaller one.
The behavior of this second dome in Fig. 5 was very much changeable and will be left to the future discussion.
In the lower-most part of the troposphere we often observed very steep inversion layers especially over the Continent which sometimes mask the structure of lower part of cold dome. Those inversion layers are indicated by double dashed lines on our cross sections. Inner and outer boundaries of the third frontal layer under consideration are shown by full lines (broken where they are diffused), and frontal zones with potential temperature concentration in both vertical and horizontal on 500 mb, 700 mb and 850 mb level are double hatched, stippled and hatched respectively. It is clearly seen how rapidly the total volume of cold air above 850 mb surface decreases with the eastward displacement.
One of the remarkable structures in the temperature field is that a very warm air which is more than 6°C higher than its surroundings is associated just above the cold core as is seen from chain lines showing 300 mb isotherm.
The warm core in the upper troposphere sometimes provides even better indication of the existence of cold dome than the cold core in the mid-troposphere. Detailed discussions on the behavior of this warm air will be left in future.
From now on, let us concentrate discussions to the procedures of the cold dome itself. We can define the cold dome as the air inside of the third frontal layer. Now the inner boundary of the third frontal layer is reproduced on Fig. 10 . Heavy full lines are for 500 mb boundary and heavy dashed lines for 700 mb. Isotherms on both levels are enterd by thinner full lines and dashed line respectively.
It is interesting to note that lower temperature is found towards rear side of the boundary both in upper and lower levels, thus resulting in a forward tilt of minimum temperature axis. The air column near the central part of the dome is thus less stable and disturbance develops in its lower portion. This circumstance is shown clearly in Fig. 1 . The forward tilt of minimum temperature becomes steeper when the cold air passes over sea surface because of predominant heat supply.
It has been noted that the movement of cold air is masked in the lower-most part of the troposphere and minimum 850 mb isotherm for example apparently stops moving when it reaches the Japan Sea coast.
As is seen from Figs. 7, 8 and 9, the cold core moved eastward with a speed of approximately 500 km/day.
It is found just over the Japan Sea on 12 GMT Jan. 23.
In order to compare the phase velocity of cold dome and the velocity of individual air parcels in it, we provide Fig. 11 on which successive position of 500 mb center are connected by double arrows.
Single arrows show the averaged vector of observed 500 mb winds which are entered in Fig. 10 . Judging from the fact that observations inside of the dome is not uniformly distributed and the total number is small, it may be said that a fairly good coincidence is obtained. Fig. 11 . 24 hour displacement of the cold dome on 500 mb level (double arrows). Averaged wind of the interior field is entered at corresponding times by broken arrows,
Circulation in the cold dome and its neighbourhood
As an important mechanism of the general circulation, the role of sinking cold air is widely accepted.
It has a contribution to transform potential energy into kinetic energy. In order that kinetic energy is actually released, upward motion is required in surrounding warmer air.
The distribution of vertical motion on 600 mb level is given in Figs. 12, 13 and 14 for Jan. 22, Jan. 23 and Jan. 24 respectively. The values are obtained from the routine 4 level model computation for which quasi geostrophic w-equation is assumed.
They provide a good approximation at least for a large scale motion except that the effect of heating is ignored.
In Figs. 12, 13 and 14 the area of upward motion is stippled and full lines indicate the contour of cold dome at 500 mb, 600 mb, 700 mb and 850 mb.
Among them the heavier full line is for the 600 mb level on which the vertical motion is given. Now let us examine the averaged field of vertical motion with respect to the cold dome configuration. Fig. 15 shows configuration of the cold dome and the geostrophic vertical velocity averaged over annular ring between two contour lines of cold dome topography. The upper figure is for 12 GMT Jan. 22, the middle one for Jan. 23 and the lower one for Jan. 24. The abscissa is the horizontal area and the ordinate is the vertical depth measured in terms of pressure.
Thus the full lines represent the mass distribution of cold air and the broken lines are entered as a reference to show the distribution 24 hr later. It is clearly seen that the cold air in the upper part of the dome decreases remarkably especially on Jan. 23 when the dome moves south-eastwards from Siberia to the coastal region, but it does not change very much on the following day when the dome moves eastward over maritime area.
The circulation pattern as revealed by stepwise graph in Fig.  15 has a good correspondence to the characteristic behavior of the cold air redistribution in the dome, i. e., the stronger downward motion is observed on Jan. 23. Meanwhile the compensating upward current is found over the outskirt part of the spreading cold air. Fig. 12 . 600 mb quasi-geostrophic vertical motion (in every 2 mb/hr) in relation to cold dome contours (500 mb, 600 mb, 700 mb and 850 mb) at 12 GMT Jan. 22, 1963. Upward motion is stippled. 600 mb contour is indicated by heavier full line. It is also interesting to find out an upward motion m the very vicinity of the core of cold dome especially when it arrives at the Japan Sea. This is probably related to the fact that the low temperature in the upper part of cold core is maintained or rather intensified even in the overall descending tendency of cold air.
The authors (1963) suggested that upward motion is observed sometimes in association with colder air over the Japan Sea area.
It is also well known among routine forecasters that a heavy snow can be expected when an extremely cold vortex having a temperature of less than -40 on 500mb is found over the Japan Sea region.
The air column there obtains a large amount of heat and moisture supply from the sea surface because of a remarkable air-sea temperature difference and active convection transports such gantities as heat, moisture and mass itself higher up into mid-troposphere.
Because the vertical motion shown in Fig. 15 is calculated from the solution of the geostrophic w equation for adiabatic atmosphere, the magnitude is one order smaller than that estimated from observed winds and the upward motion appearing near the core of cold dome does not provide a direct measurement of heating from the sea surface. Some quantitative discussions will be given in the following section.
6. Some quantitative characteristics of the cold vortex Let us denote the average temperature of the air inside the cold dome at 500 mb and 700 mb level by T500 and T700 respectively. Then we can define the static stability by using T500 and T700 where k= R/cp=0.286. The values of T500, T700 and S600 at 12 GMT Jan. 22, 23 and 24 are listed in Table 1 . It can be seen from this table that the temperature in the upper part of the dome decreases while the temperature in the lower part increases, thus resulting in a decrease of static stability. Table  1 Fig. 15. Mass distribution of the cold air (full line) and 600 mb quasi-geostrophic vertical motion averaged over area related to the cold air configuration (stepwise graph). Mass distribution 24 hr later is indicated by broken line.
Abscissa is the horizontal area surrounding the cold core and ordinate is the vertical depth.
As to the dome geometry, let us define the area covered by cold air at 500 mb level, 600 mb level and 700 mb level by A500, A600 and A700 respectively.
Summing up these three values we can obtain the mass of cold air within the layer between 450 mb and 650 mb M 450~650. The values of A500, A600, A700 and M450~650 are also listed in Table 1 . A decrease of mass in the upper part of the dome is clearly observed on Jan. 23 when the dome covered the Japan Sea.
The total mass transport across a pressure surface is estimated by the mass change of the cold air above the surface under consideration, assuming that there is no mass exchange across the cold dome boundary.
Thus we can define the vertical velocity wM= (d/dt M 450~650)/A600. It is estimated on Jan. 23 to be 2.5 mb/hr showing downward motion of the cold dome. While the quasi-geostrophic vertical velocity (wg)600 averaged over the same area of 600 nib level gives much smaller value of -0.03 mb/hr for the same time. Ninomiya (1964) computed the vertical velocity wJ .s. averaged over the Japan Sea by using the actual wind observation of surrounding stations, and obtained -8.6 mb/hr for 600 mb on the same date. As the area of the Japan Sea is about 0.84 106km2 which is a small fraction of the cold dome dimension (see Table 1 by assuming mass conservation within the rigid boundary of cold dome gives a pretty good approximation to the thermodynamic energy conservation.
The quasi-geostrophic vertical motion w g on the other hand is so small in magnitude that it cannot explain the observed temperature change, suggesting probably a nongeostrophic large scale subsidence of the cold air. Next, let us confine our attention to the actually observed vertical motion w is. of smaller scale fixed area.
The large negative value suggests a predominant heating at this particular location.
The value of 5.16°C/day is equivalent to 1241y/day per 100 nib layer. Thus, taking the actual temperature change into account, the non-adiabatic heating at this level is estimated to be about 140ly/day per 100 mb.
It is well known that the sensible heat supply over the Japan Sea during a cold air outbreak amounts to as much as 800 ly/day (e. g. Miyazaki, 1949; Manabe, 1957~58; Ninomiya, 1964) due to a large temperature difference between the pretty warm Tsushima current and the extremely cold continental air coming from Siberia.
It is also obvious that this amount of heating is distributed by convective activity and therefore is limited to the lower part of troposphere.
Judging from those facts the value obtained above is quite reasonable.
When the cold core covers just over the Japan Sea, the convective activity undoubtedly extends higher up even above 500 mb level because of a deep layer of unstable air.
Vertical distribution of -wS and heating function Q estimated as a residue of thermodynamic equation are given in Fig. 16 . The values are obtained by using the succesive observation of limited stations surrounding the Japan Sea at 00 GMT and 12 GMT Jan. 23, 1963 and therefore do not necessarily coincide with the value given above.
Here we have a very large value of heating distributed up to a pretty high level, showing a predominant convective activity which transports considerable amount of moisture as well as sensible heat.
As a matter of fact it brought a tremendous amount of snowfall in downstream region which will be described elsewhere in more detail.
From Fig. 16 we can find an information concerning the structure within the cold dome, i. e. the advection and heating function Q estimated over the Japan Sea area by residual computation of the thermodynamic equation, applying to the observation at 00 GMT and 12 GMT Jan. 23, 1963.
of cooler air vanishes at about 600 mb level and an existence of warmer air advectlon is suggested in the upper levels, which must be related to the forward tilt of the cold core axis mentioned in section 4. Finally let us show another verification of the validity of our quantitative discussions. The individual stability change of cold dome around 600 mb level (D/DtIn S) 600 is estimated to be -0.34 day-1. While the divergence around this level over the Japan Sea region ( J.S./ p)600 is 0.56 day-1 for the corresponding time.
Those values show pretty good agreement.
This must be related at the same time to the phenomenon that cold core temperature at 500 mb level drops about 1.4 when it covers just over the Japan Sea, because the change of static stability S depends much more on the change of temperature on 500 mb level. Considering the fact that the coverage of the dome at 500 mb is approximately the size of the Japan Sea, it may be presumed, on the other hand, that this drop of temperature is resulted from the convective activity caused by very warm sea surface.
Conclusions
Three dimensional analyses of cold air outbreak observed on Jan. 22-23, 1963 reveals a multiple structure.
We can find a dome shaped extremely cold air inside of so-called polar air bounded by "polar front".
It brought an unpreceded extraordinary heavy snowfall damage along the west coast of Japan Islands in the downstream region. Surface disturbances directly related to this heavy precipitation are found not in the peripherical region but in the midst of cold core itself where convective activity is probably in its maximum intensity as is indicated by the minimum stability within the deepest layer of cold air.
The cold air associated with cut off vortex in the troposphere is translated southeastwards to the Japan Sea area where a pretty large amount of heat and moisture is supplied from the sea surface because of a large air-sea temperature difference. Thus the potential energy is recovered by a predominant forced convection locally and temporalily when the cold core aloft covers the Japan Sea while the overall subsiding motion of cold air is releasing the potential energy in a large scale.
